A series of polyphosphonamides (PPDA) with heteroatoms and phosphonamide structures are proposed as highly effective flame retardants in epoxy resins (EP). The PPDAs were synthesized by solution polycondensation and well characterized. The impact of the heteroatoms on the thermal properties, pyrolysis route and flammability of PPDAs and their EP composites was investigated in detail. All the PPDAs show good thermal stability, high glass transition temperatures (T g ) and low flammability, associated to their backbone structures. With the addition of PPDAs, the flame retardancy of the composites was gradually enhanced. It is noteworthy that the heat release rate and thermal properties highly depend on the chemical environment of the phosphorus atom in PPDAs. The flame retardant mechanisms are suggested to enhance the charring of EP, protect the matrix in the condensed phase, and have a flame inhibition effect in the gas phase. The potential for increasing flame retardancy and maintaining high T g and high fracture toughness is highlighted in this study. Scheme 1 Synthesis route of POS, POM and POA. 49864 | RSC Adv., 2017, 7, 49863-49874 This journal is
Introduction
With the rapid development in the design of lightweight materials and advanced composites in modern society, epoxy resins (EPs) have found increasing use as engineering adhesives and as the matrix of ber reinforced polymers in applications such as new energy automobiles and complex structural aircra components. [1] [2] [3] [4] For their application in these thriving markets, high-performance EPs, with good physical properties, high material compatibility and high ame retardancy, need to be developed and fabricated. 5, 6 EP burns at a rapid heat release rate, producing small amounts of chars, and is unable to achieve any UL-94 rating. 7 To obtain a higher ame retardant class, EP requires the addition of chemicals characterized by higher ame retardancy. Traditional EP are mainly prepared by blending with additional compounding with ame retardant additives. [8] [9] [10] [11] However, a major problem encountered in this system is that the high loading (20 wt%) leads to deterioration of physical properties of EP. [12] [13] [14] Researchers have attempted many methods to develop novel ame retardant for EP, such as layered double hydroxide (LDH), [15] [16] [17] graphene, 18, 19 and phenylphosphonicdiamide. [19] [20] [21] Polymeric ame retardants have shown the advantages of low toxicity, good compatibility, and negligible negative impact on polymer physical properties. 22, 23 Schartel et al. synthesized a phosphorus-modied polysulfone as both ame retardant and toughness modier for epoxy resins, and proved that polyphosphates with a hyperbranched structure were more efficient than low-molecular-weight bisphenol A bis(diphenylphosphate) (BDP). 24, 25 Wang et al. reported that EP/ polyphosphate composites exhibit a higher glass transition temperature than pure EP. 26, 27 Up to now, polymeric ame retardants were mostly represented by polyphosphates (PPEs); however, high loadings were always required to meet the desired ame retardant grade because of their poor ame retardancy. 28, 29 As families of polymeric ame retardant, polyphosphonamide (PPDAs) have been only scarcely investigated to date. In addition to nitrogen, PPDAs have shown a synergistic effect of P and N to give high thermal stabilities and high ame retardancy. [30] [31] [32] Tai et al. prepared PPDAs with high char residues, relatively high molecular weight and low ammability. 33 Steinmann et al. prepared a series of PPDAs and PPEs with pendant P-O-C structure by acyclic diene metathesis polycondensation, and the obtained PPDAs showed higher thermal stability and higher glass transition temperatures than the analogous PPEs. 34 Li et al. prepared a hyperbranched PPDAs, and found that the ame retardant PLA achieved UL-94 V-0 rating with only 2 wt% the hyperbranched PPDAs. 35 Such PPDAs possessed impressive high thermal stability and high ame retardancy, but their pendant P-O-C structure oen tend to hydrolyze under basic conditions. 36, 37 Of note, fewer researchers reported that P-C structure possesses excellent hydrolysis stability and higher ame retardancy than P-O-C structure, and such reports hint at potential development of PPDAs with high ame retardancy. [38] [39] [40] Zhao et al. systemically studied the impact of two types of reactive ame retardant (FR) with P-C and P-O-C structure on the ame retardant efficiency of EP (DGEBA/DDS system). 41 The FR with P-C structure showed ame inhibition effect in the gas phase and endow EP with strong self-extinguishing ability at a low phosphorus content (0.7 wt%), whereas FR with P-O-C structure failed to achieve any rating. PPDAs with pendant P-C structure via polycondensation is plausible, although, to the best of our knowledge, such PPDAs have never been applied to develop ame retardant EP.
In this work, we prepared a series of PPDAs with pendent P-C structure by solution polycondensation of phenylphosphonic dichloride and aromatic diamines. The PPDAs have been characterized by 1 H NMR and 31 P NMR spectroscopy, and applied into ame retardant EPs. To prove the structure-property relationships and widely-useful of the phosphonamide structure with pendent P-C structure, aromatic diamines with methylene group, sulfone group and ether group were employed as staring materials. The thermal stability and ame retardancy of the synthesized PPDAs and ame retardant EP were investigated. The thermal properties of PPDAs and ame retardant EP, such as glass transition temperatures, highly depend on the introduction of microstructure. Besides, the impact of PPDAs on the EP/PPDA composites was studied. More importantly, the structure-property relationships in ame retardant EP were investigated in detail.
Experimental

Materials
Phenylphosphonic dichloride was purchased from Sigma-Aldrich. 4,4 0 -Diaminodiphenyl sulfone, 4,4 0 -diaminodiphenyl methane, 4,4 0 -diaminodiphenyl ether, m-phenylenediamine (m-PDA), dimethyl sulfoxide (DMSO) and ethanol were purchased from Sinopharm Chemical Reagent Beijing Co., Ltd (Beijing, China), were all reagent grade and used as received. Acetonitrile was purchased from Tianjin Guangfu Fine Chemical Research Institute (Tianjin, China) and freshly distilled before use. Epoxy resin (DGEBA, commercial name: E-44) was supplied by Sinopec Baling Company (Yueyang, China).
Synthesis of PPDAs
A typical synthesis of poly(4,4 0 -diamino diphenyl sulfone phenyl phosphonamide) (POS) is given below.
In a dry 250 mL three-neck and round-bottom glass ask equipped with a constant pressure funnel, mechanical stirrer and a reux condenser, 24.8 g (0.1 mol) of 4,4 0 -diaminodiphenyl sulfone and 80 mL acetonitrile were mixed at 60 C for 1 h. Then, a solution of 19.5 g (0.1 mol) phenylphosphonic dichloride in 20 mL acetonitrile was added dropwise to the mixture over 1 h. The temperature of the reaction mixture was gradually raised to reuxing temperature and maintained for another 12 h under a nitrogen gas atmosphere. Aer cooling to room temperature, the precipitate was ltered and washed with acetonitrile. The crude mixture was then dissolved in minimum of DMSO, and then precipitated into to ethanol give uffy grey white solid powders which were washed with ethanol. The product was then dried under reduced pressure to give a grey white powder (87%). All the reaction processes are shown in Scheme 1.
The other two PPDAs, poly(4,4 0 -diamino diphenyl methane phenyl phosphonamide) (POM) and poly(4,4 0 -diamino diphenyl ether phenyl phosphonamide) (POA) were also prepared in the described method above.
Preparation of EP/PPDA composites
The obtained PPDAs were used as additive-type ame retardants to combine with DGEBA at 80 C and mixed in a IKA RW 20 digital stirrer for 10 min, respectively. Then, the curing agent m-PDA were added and mixed with the same method for 3 min. The formulation was poured into an PTFE mould and cured at 80 C for 2 h and post-cured at 120 C for 2 h. All samples were slowly cooled to room temperature to avoid stress cracking. In order to determine the ame retardancy of the PPDAs, all samples were prepared with constant loadings of 15 wt% of PPDA, respectively. 31 P NMR (163 MHz) were recorded on a Bruker AVANCE NMR spectrometer. All 1 H NMR and 31 P NMR were obtained in d 6 -DMSO and referenced to residual protonated solvent and phosphoric acid, respectively.
2.4.3 Gel permeation chromatography. GPC was performed on a Waters Breeze™ 2 HPLC system with a 2489 UV/Visible detector and a 1515 isocratic HPLC pump. The PPDAs were eluted with DMF at a ow rate of 0.5 mL min À1 . Both the column and the detector were maintained at 40 C during the determination process.
2.4.4 Differential scanning calorimetry. The DSC curves of the PPDAs and prepared EP/PPDA composites were carried out with a DSC Q2000 (TA Ltd., USA). About 5 mg of sample were put in a aluminum crucible and tested at a heating rate of 20 C min À1 under nitrogen. The glass transition temperature (T g ) was read at the mid-point of the inection curve from the typical second heating in the range of 40-220 C.
2.4.5 Thermalgravimetric analysis/Fourier-transform infrared spectroscopy (TGA-FTIR). TGA was performed on a Mettler-Toledo TGA/DSC-1 thermalgravimetric analyzer under nitrogen atmosphere. Approximately 5 mg of the samples were weighted in alumina crucible and heated from 50 to 700 C at a rate of 20 C min À1 . The FTIR information of the pyrolysis gases of the samples were obtained by Bruker Tensor 27 Fourier transform spectrophotometer coupled with TGA. The FTIR analysis was performed with a resolution of 4 cm À1 ranging from 4000 to 550 cm À1 . The thermogravimetric analyzer and FTIR spectrometer were connected by a quartz capillary at 300 C.
2.4.6 Pyrolysis combustion ow calorimetry (PCFC). The ammability characteristics of the PPDAs were conducted on a Govmark MCC-2 microscale combustion calorimeter according to ASTM D 7309. Typical 5 mg of samples were heated from 50 to 700 C at 1 K s À1 in a inert gas steam (80 mL min À1 ). The pyrolysis products were then mixed with oxygen (20 mL min À1 ) prior to entering a 900 C combustion furnace. The heats release of combustion of the pyrolysis products were calculated by the oxygen consumption principle.
2.4.7 Cone calorimeter test. Flame retardant behavior was carried out on a Fire Testing Technology apparatus at a heat ux of 50 kW m À2 according to ISO 5660-1, and the size of the specimens was 100 Â 100 Â 1.2 mm 3 . All samples were mounted on aluminum foil and tested for three times, and the data were averaged.
2.4.8 Limit oxygen index (LOI) measurement. The LOI value was measured on a JF-3 oxygen index meter (Nanjing Jiangning Analysis Instrument Co., China) according to ASTM D2863. The specimens were prepared with dimensions of 130 Â 6.5 Â 3 mm 3 by molding.
2.4.9 Vertical burning test. The vertical burning test were determined on a CZF-3 instrument (Nanjing Jiangning Analysis Instrument Co., China) with dimensions of 125 Â 12.7 Â 3.2 mm 3 according to ASTM D3801.
2.4.10 X-Ray photoelectron spectroscopy (XPS). The XPS data were obtained from a PHI Quantera II SXM at 25 W under a vacuum lower than 10 À6 Pa.
2.4.11 SEM characterization. The morphologies of char residue obtained from Cone tests were observed by a Hitachi S4800 scanning electron microscope with a conductive gold layer.
2.4.12 Fracture toughness. The fracture toughness (K IC ) of the prepared epoxy resins was measured from the opening mode test according to ASTM D 5045, performed on a MTS 810 material testing machine (USA). The size of the specimens used in the study was 50 Â 48 Â 5 mm 3 . A razor blade was used to generate the pre-crack. At least four specimens of each formulation were tested at room temperature.
2.4.13 Pyrolysis-GC/MS. The pyrolyses were conducted on a EGA/PY-3030D (Frontier Laboratories, Japan) attached to a Agilent 6890N GC/MS system (Agilent Technologies Inc., USA). About 1 mg of samples was pyrolyzed at 500 C for 1 min in a quartz tube. The temperature of the GC injector was 280 C. The oven temperature was held at 50 C for 5 min, then increased to 270 C by applying a ramp of 30 C min. The MS conditions were as follows: electron ionization mode, ionization energy 70 eV, ion source temperature 220 C, GC/MS transfer line temperature 270 C, and full-scan mode m/z 30-400, 1 scan per s with a dwell time of 0.2 s.
Results and discussion
3.1 Synthesis and characterization of PPDAs 3.1.1 Structural characterization. The PPDAs were synthesized through a direct solution polycondensation of phenylphosphonic dichloride and aromatic diamines (Scheme 1). For PPDAs, typically acid-binding agents, such as triethylamine, pyridine etc., were used in solution polycondensation to remove HCl, however additional processes were needed to separate triethylamine hydrochloride as a by-product. Moreover, the obtained PPDAs usually have a wide dispersity (Đ > 4) by the reaction. 32, 33 In order to investigate the structure-property relationships, PPDAs with narrow molecular-weight distribution were desired. Thus, nitrogen atmosphere was utilized to remove the produced HCl instead of the acid-binding agent in the reaction. Gel permeation chromatography reveals the weight-average molecular weight (M w ) of POS, POM and POA of 6027, 7611 and 8300, and the molecular weight dispersity (Đ) of 1.05, 1.17 and 1.12. The dispersity typically stems from side reactions, such as chlorination and alkylation of amino groups or reaction with residual water. 22, 42 The synthesized PPDAs were also characterized by 1 H NMR ( Fig. 1 ) and 31 P NMR (Fig. 2 ) spectroscopy. As for the PPDAs, the multiplied between 6.56 and 7.90 ppm correspond to the protons of the benzene ring. The CH 3 protons in POM appear at 3.63 ppm. In addition, a signal at 8.82 ppm in POS representing the protons of the repeat imino group was observed. 43 The 31 P NMR spectra of the PPDAs all show two signals; one around 8.46 ppm corresponds to the phosphorus in the repeat unit and the other one around 12.61 ppm to the phosphorus in the chain end. 44 For example, the phosphorus in the repeat unit is attached to one phenyl group and two imino groups whereas that at the end is attached to one phenyl group, one imino group and one aryloxy group. 44 All the spectroscopic data support the structure of PPDAs.
3.1.2 DSC of PPDAs. The inuence of the incorporated backbone structure on the T g values for the PPDAs was investigated by DSC. Fig. 3a shows the DSC curves of the PPDAs, and their T g values are summarized in Table 1 . It is evident that all the PPDAs have phase-transition behaviors with T g s ranging from 130 to 195 C, indicating that in the temperature range studied, no melting occurs and all the PPDAs display good thermal stability. As illustrated in Fig. 3a , POS achieves the highest glass transition temperature, equal to 191 C. This could be attributed to the incorporation of the sulfone group, which could increase the intermolecular forces. Generally, the T g decreases with increasing exibility of the molecules. The T g s of POM and POA are also in agreement with the principle. The trends of the polymers' T g s are also consistent with previous reports. 33 3.1.3 TGA of PPDAs. The TGA of the PPDAs under nitrogen atmosphere are shown in Fig. 3b . The temperatures corresponding to 5% weight loss (T onset ) and to maximum decomposition rate (T max ) along with the char yield at 700 C, are given in Table 1 . As for the thermal degradation behavior of the PPDAs, POM and POA start to decompose at about 290 C and undergo at decomposition between 290 to 470 C, whereas POS decomposes in one sharp step with T max ¼ 370 C. As for the char yield of the PPDAs at 700 C, POS achieves the highest char yield, as high as 48 .8%, which is more than the values exhibited by POM and POA, equal to 31.1% and 41.4%, respectively. These results show that the incorporated sulfone groups could impact the thermal stability more than either the ether or methylene groups. The following order of thermal stability and char forming efficiencies of the incorporated groups were obtained: considered that the thermal stability of the ame retardant is directly related to its ame retardancy. The high char yield suggests the PPDAs possess excellent thermal stability and are expected to achieve good ame retardancy. 33 3.1.4 IR analysis of evolved gases from PPDAs. To better understand the thermal degradation behavior of the PPDAs, the pyrolysis gases formed during thermal degradation under nitrogen were studied by TGA-FTIR. The 3D curves of the TGA-FTIR spectra for the PPDAs are shown in Fig. 4a , and the extracted FTIR curves of the PPDAs at the maximum decomposition temperature are displayed in Fig. 4b and c . As can be observed from Fig. 4b , the main pyrolysis gases for the PPDAs could be identied as aromatic compounds (3057, 1610 and 1500 cm À1 ) and CO 2 (2355 and 670 cm À1 ). 26 Besides, the formation of benzene (C]C vibrations at 1946 and 1801 cm À1 ) as a result of the decomposition of aromatic compounds was conrmed. It is notable that the characteristic peak of PO compounds was observed at 1035 cm À1 as a weak signal, which may be due to the scission of the phosphonamide structure and play a role in the gaseous ame retardant effect. 45 Furthermore, additional strong absorbances of sulfur-containing fragments for POS were found at 1375 and 1340 cm À1 , which are attributed to the sulfone groups in the DDS structure. 46 As for the second decomposition stage of POM and POA (Fig. 4c) , the main pyrolysis gases were aromatic compounds (3055, 1616 and 1508 cm À1 ), CO 2 (2355 and 670 cm À1 ) and PO compound (968 cm À1 ), similar to those detected during the rst decomposition stage. 45 Besides, aromatic C-O compounds (1332 cm À1 ) were identied as thermal decomposition products for POA.
To summarize, the decomposition of the PPDAs can be divided into two steps; the rst step is scission of the pendant group and the main chain of the polymers, corresponding to a few of aromatic fragments, the other is pyrolysis and charring of the residue at higher temperature. This result was also agreed with the two decomposition steps observed in the TGA curves of POA and POM. As for the one-step decomposition of POS, this may be explained by the overlap of the two decomposition steps.
3.1.5 Flammability properties of PPDAs. The ammability of PPDAs was evaluated by PCFC, which could provide a novel and rapid method for measuring dynamic combustion parameters of milligram-sized samples. The heat release rate (HRR), heat release capacity (HRC) and total heat release (THR), which are calculated from the oxygen consumption history, are important parameters to determine the hazard potential of polymers in a re scenario. The heat release curves of the PPDAs and detailed data are presented in Fig. 5 and Table 2 , respectively.
As for POS, it exhibits a sharp heat release peak and gives the highest HRC value of 330 J g À1 K. In the case of POM and POA, there are much broader heat release regions, between 250 to 600 C and lower HRC values of 166 and 97 J g À1 K, respectively, compared to POS, indicating lower ammability. Generally speaking, the HRC value is mainly decided by two factors: the maximum decomposition rate and the heat of combustion of the pyrolysis gases decomposed at the temperature. From Fig. 5 , it can be observed that the sulfur-containing gases were released at the maximum decomposition rate, which leads to a higher HRC value. The PHRR values of the PPDAs are similar to their HRC values. It is worth noting that POS also exhibits the lowest THR value of 15.4 kJ g À1 , while POM and POA give higher values of 20.5 and 18.5 kJ g À1 , respectively. It directly demonstrates that the incorporation of S or O into the backbone of polymers could efficiently reduce its ammability. It seems that a polymer with more heteroatom as well as high char residue yields possesses lower ammability. Above all, the synthesized PPDAs all possess high glass transition temperature, good thermal stability, high char yield and lower ammability, associated to their backbone structures. Aromatic compounds and phosphorus-containing pyrolysis gases were detected as products of the thermal decomposition of the PPDAs. An expected high efficiency in ame retardancy could be deduced by the good thermal properties, lower ammability and phosphorus-containing gases generated from the PPDAs.
Thermal properties of EP and EP/PPDA composites
DSC of EP and EP/PPDA composites.
An important parameter for EP is the glass transition temperature, which has a strong inuence on the material's potential applications; however, its value is oen overlooked owing to the high loading and poor compatibility of ame retardants. The inuence of the PPDAs on the T g of the composites is displayed and summarized in Fig. 6 and Table 3 . POS shows nearly negligible negative effects on the T g of EP/POS. This may be explained by the good compatibility and possible cohesive forces (hydrogen bonds) between POS and EP molecular. On the other hand, it is found that EP/POM and EP/POA have lower T g s than EP/POS and pure EP, indicating a low plasticizer effect of these polymer, which is consistent with the results from previous work. 11, 29 3.2.2 TGA of EP and EP/PPDA composites. TGA and DTG curves of EP and EP/PPDA composites provided information about their thermal stabilities and thermal degradation behaviors. Fig. 7 shows the TGA and DTG curves of samples under nitrogen, and detailed data were collected in Table 3 . Pure EP started to decompose at T onset ¼ 367 C. As for EP/PPDA composites, T onset and T max are all shied to lower temperatures compared to EP, due to the earlier decomposition and catalysis effect of PPDAs on EP. With the addition of PPDAs, more char residue was formed at the end of decomposition step. The increase in char residue was greater than the calculated value based on the superposition of the char yields of single components. A reaction between PPDAs and EP is concluded, enhancing the char amount. More importantly, it is noted that the TGA and DTG curves of EP/PPDA composites were similar to each other, suggesting a strong relationship between the chemical environment of the phosphorus in PPDAs and thermal stability of EP substrate. 
Thermal decomposition behaviors of EP and EP/ PPDA composites.
To better investigate the thermal degradation behavior of EP and EP/PPDA composites, the pyrolysis gases during thermal decomposition were analyzed by TGA-FTIR (Fig. 7b ). During the main decomposition step, phenolic derivatives and bisphenol A were monitored with the characteristic peaks at 3652 cm À1 assigned to the aromatic OH stretch, and the aromatic C]C vibrations at 1609 cm À1 . The peak at 1338 cm À1 is the typical absorption bands of aromatic C-O stretch of phenol and bisphenol A. The peak at 2972 cm À1 attribute the CH 3 stretch of bisphenol A. Further, the broad peak at 1750 cm À1 and the strong peak at 1250 cm À1 conrm the presence of acetone as thermal decomposition products of EP and EP/PPDA composites. 25 Furthermore, the weak peak at 3386 cm À1 is proposed as decomposition products of the curing agent m-PDA and PPDAs.
As for the EP/PPDA composites, the characteristic peaks of PPDAs such as P]O stretch at 1045 cm À1 and P-O stretch at 887 cm À1 of phosphates, phosphites, and phosphoric acid derivatives were detected as a weak signal and shied in comparison with PPDAs, indicating a change in the chemical environment. The absence of phenol, bisphenol (3652 cm À1 , 1609 cm À1 ), and acetone (1750 cm À1 , 1250 cm À1 ) remained in comparison to EP. 25 Besides, the reduced absorbance of ammable gases (acetone and bisphenol A) ( Fig. 7b ) and increased char residue at 700 C demonstrate the reactions between PPDAs and EP, indicating the probable gas-phase activity of the PPDAs in ame retardancy.
Flame retardant properties of EP and EP/PPDA composites
LOI and UL-94 tests.
The ame retardancy of EP/ PPDA composites was evaluated using LOI and UL-94 vertical burning tests. Fig. 8 gives photographs of the char residue of EP/ PPDA composites at the end of LOI tests. Pure EP only achieve a poor char residue. With the addition of PPDAs, the char residue from EP/PPDA composites increased remarkably. The char residue can protect the matrix and reduce the heat transfer to pyrolysis zone and ammable gases transfer to the ame zone.
As shown in Table 4 , pure EP had no rating in UL-94 vertical tests, and a LOI value is 24.7%. For EP/PPDA composites, the LOI value increased with the incorporation of the PPDAs. While the LOI value of EP/POM increased to 28.9%, the UL-94 rating achieved a V-1 rating. When 15 wt% POS or POA was incorporated into EP, the UL-94 test achieved a V-0 rating, indicating a signicant contribution of the heteroatom towards obtaining a reduced ammability. Obviously, the PPDAs are a series of efficient mono-component ame retardant for EP. Cone calorimeter test was performed to investigate the ame retardant properties of PPDAs in EP. The concerned combustion parameters such as time to ignition (t ign ), total heat release (THR), peak of heat release rate (PHRR), peak of total mass loss (TML), average of HRR (av-HRR), average of effective heat of combustion (av-EHC) and total heat release per total mass loss (THR/TML) are listed in Table 5 . Once ignition, pure EP burned rapidly and exhibited a poor and limited char residue. With the addition of PPDAs, the samples expanded faster and more strongly, yielded about 21 wt% of char residue. The shapes of the heat release rate (HRR) curves are similar for EP and EP/PPDA composites (Fig. 9a) . Shortly aer ignition, the HRR reached maximum peak, since a protection layer was formed decreasing the HRR. Meanwhile, the time to ignition (t ign ) of EP/PPDA composites was earlier than pure EP, which is corresponded to the catalysis effect of PPDA on the char-forming process for the composites. As shown in Table 5 , the PHRR and THR value of EP/PPDA composites, were reduced by approximately 47% and 30%, respectively. The av-HRR for all investigated materials are ordered by reducing the re risk: EP/POS (34%) < EP/POA (30%) < EP/POM (24%) < EP. The tendency in HRR curves for EP and EP/PPDA composites was similar to the TGA curves, indicating the ame retardancy of ame retarded EP may associate with the chemical environment of the phosphorus in the ame retardant to some extent. Moreover, aer ignition, the THR curve for EP/POS was much lower than those for EP/POM and EP/POA for all times ranging between 75 and 200 s (Fig. 9b) . At the re growth period of real re conditions, lower heat release means a lower rate of ame spreading and a greater time available for response.
The THR divided by the total mass loss (THR/TML) equals the product between effective heat of combustion of the volatiles and the combustion efficiency. 25 The THR/TML ratio for EP/PPDA composites was reduced by 16% due to ame inhibition. Moreover, monitoring the CO/CO 2 ratio (Fig. 10 ) during cone calorimeter tests shows the peak CO/CO 2 ratios of EP/POS, EP/POM, and EP/POA increased by 212%, 174% and 211% over EP, respectively. Thus, PPDAs in EP worked in the gas phase as well as in the condensed phase.
In order to evaluate the ame retardant effect quantitatively, the main ame retardant modes of action were calculated according to eqn (1)-(3). 47, 48 The results are listed in Table 6 . With the addition of PPDAs, the ame inhibition effect, charring effect, and barrier and protective effect of EP/PPDA composites all sharply increased compared with EP. It can be concluded that the ame inhibition effect of PPDAs is composed of the radical quenching effect and the dilution effect of volatile phosphorus-based pyrolysis gases. The best results in terms of increasing charring effect and barrier and protective effect were achieved by EP/POS compared to EP/POM and EP/ POA, indicating that sulfone group in PPDA were more efficient in condensed phase action than methyl group and ether group. It is also noted that EP/POA showed a better ame inhibition effect than EP/POS and EP/POM, which may correspond to more phosphorus contents were released into gas phase. The protective barrier effect combined with ame inhibition effect plays a dominant role in the ame retardant performance of PPDAs in EP.
Flame inhibition effect ¼ 1 À EHC EP/PPDA /EHC EP (1)
Charring effect ¼ 1 À TML EP/PPDA /TML EP (2) Barrier and protective effect ¼ 1 À (PHRR EP/PPDA /PHRR EP )/ (THR EP/PPDA /THR EP )
3.3.3 Element analysis of char residue aer cone tests. The element contents on the external and internal char layer from EP and EP/PPDA composites aer the cone tests was investigated by XPS. The results are listed in Table 7 . In both external and internal char layer obtained from cone tests, C, N, O and P elements were detected. The phosphorus and oxygen contents in the external char layer are higher than that from samples of internal char layer, indicating a better oxidation resistance of the protective char layer. More importantly, the extremely low phosphorus content in the internal char layer prove the release of majority of the phosphorus into the ame zone, forming phosphorus-based free radicals to perform the ame inhibition effect in the gas phase. 22 As for EP/POS composites, the higher sulfur content in the internal surface of char residue can be explained by the low-volatile sulfur-based decomposition product of POS in the condensed phase. It is reported that the sulfur-based products could accelerate the oxidation reaction an formation of char precursors. 49 Besides, the results also show that there are a synergistic effect between the heteroatom and the phosphonamide structure.
Pyrolysis behaviors of POS
The pyrolysis behavior of POS was investigated by pyrolysis-GC/ MS. In this part of the study, POS was selected to be representative sample of PPDAs. The recorded total ion chromatogram and the speculative decomposition route is presented in Fig. 11 . The ion fragments, such as 66, 78 m/z for benzene and 94 m/z for aminobenzene, is mainly attributed to the decomposition products of phosphonamide and diphenyl sulfone structure. 41 The peaks at 47, 63, and 94 m/z were assigned to PO, PO 2 and P 2 O 2 compound, which could act radical-scavenging mechanism during combustion. 41, 50 Speculative decomposition route of POS is shown in Fig. 11b . Phosphorous acid (H 3 PO 3 ) was supposed to promote the char forming process in the condensed phase.
Flame retardant mechanism
Combining the analysis in Section 3.2.3 and 3.3 about thermal decomposition behaviors and ame retardant properties of EP and EP/PPDA composites with 3.4 pyrolysis behaviors of POS, ame retardant mechanism of PPDAs in EP are proposed as below.
In the condensed phase, PPDAs promote the decomposition and char-forming processes of EP at a low temperature. The acid compounds (H 3 PO 3 ) from the thermal decomposition of PPDAs could also promote the char-forming process of EP matrix and the formation of protective char layers. The char yield observed in the cone test was increased from 4.8 wt% for EP up to about 21 wt% for EP/PPDA composites as evidence. The phosphorus and oxygen contents in the external char layer are higher than that from samples of internal char layer, indicating a better oxidation resistance of the protective char layer. The phosphorus-containing char layer could act as barrier to hinder the exchange of fuel, oxygen and heat between EP matrix and re zone.
In the gas phase, PPDAs in EP showed obvious ame inhibition effect during combustion. As seen from Fig. 11 , the pyrolysis behaviors of POS conrmed the presence of phosphorus-containing radicals in the decomposition route. As shown in Table 5 , the reduced combustion efficiency also demonstrate the ame inhibition effect of PPDAs in the gas phase. The phosphorus-containing radicals could interrupt the chain reaction during combustion of EP. Above all, the ame retardant mechanism of PPDAs in EP could be summarized as follows: char forming effect and barrier and protective effect in the condensed phase, ame inhibition effect in the gas phase. Moreover, as shown in Table 6 , the heteroatom in PPDAs have slightly inuence on the ame retardant mechanism of EP/PPDA composites, such as barrier and protective effect and ame inhibition effect.
Fracture toughness of EP and EP/PPDA composites
The quasi-static fracture toughness values, K IC , of EP and EP/ PPDA composites are present in Table 8 . As expected, the fracture toughness of EP/POS resulted in a moderate increase in K IC . In previous research, it is reported that phosphorus-containing polysulfone could act as toughness modier for EP. 51 The sulfone group in POS could endow EP with high fracture toughness. For EP/POM and EP/POA, the incorporation of POM and POA did not showed a serious deterioration on fracture toughness of EP, which may be explained by the decrease of crosslinking density of EP. Thus, the incorporation of PPDAs into EP showed some promising improvements in ame retardancy as well as slightly inuence on fracture toughness.
Conclusions
A series of PPDAs with different backbone structure were successfully synthesized and well characterized. The thermal properties, thermal degradation behaviors and ammability were investigated. The results showed that the PPDAs exhibit high thermal stability, high glass transition temperature and low ammability, associated to their backbone structures. The following order of thermal stability and char forming efficiencies of the incorporated groups were obtained: -SO 2 -> -O-> -CH 2 -. From TGA-FTIR results, the pyrolysis gases of the PPDAs have been found to be mainly aromatic compounds and phosphorus-containing gases. The high char yield, low ammability, generated phosphorus-containing gases indicated the potential high ame retardancy of the PPDAs.
Cone calorimeter, LOI and UL-94 vertical burning tests all demonstrated the addition of PPDAs into EP have greatly enhanced ame retardancy of the composites. Due to the incorporation of heteroatom, POS and POA show better ame retardant performances in LOI and UL-94 tests than POM. Meanwhile, EP/POS shows a similar T g with pure EP, which is attributed to the hydrogen-bond interaction. The heat release rate and thermal properties of ame retardant EP were highly depend on the chemical surrounding of phosphorus atom in PPDAs. The ame retardant mechanism of PPDAs in EP can be devices by the charring effect, barrier and protective effect in the condensed phase, and the ame inhibition effect in the gas phase. In addition, the incorporation of heteroatom into PPDAs could enhance the ame retardancy of EP composites, such as the sulfone group in promoting char forming process and the ether group in ame inhibition effect in gas phase. This paper might promote a directed design of new composites with high ame retardancy, glass transition temperature and fracture toughness for future applications, and provide a rapid approach to determine the ame retardancy of novel ame retardant.
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